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Illuminating touch deposits through cellular characterization of hand rinses and 1 




Forensic DNA typing from touched or handled items in routine casework is increasing as the 6 
sensitivity of detection techniques improves. Our understanding of the cellular/acellular content of 7 
touch deposits and the origins of the DNA therein is still limited. This work explores the cellular 8 
content of rinses from washed and unwashed hands, as well as saliva, nasal and eye washes which 9 
could be sources of transferred DNA onto hands. Flow cytometry and microscopic examination were 10 
used to detect granularity, size and nucleic acid fluorescence data. Cellular content did not vary 11 
significantly within an individual, although some differences were observed between donors. Saliva 12 
contained populations of nucleated epithelia as well as smaller cells and debris, all positive for DNA. 13 
Hand rinses consisted almost entirely of anucleate corneocytes, many of which also stained positive 14 
for nucleic acids. These data raise questions about shed corneocyte DNA content previously 15 
assumed to be negligible.  16 
 17 
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 19 
1. Introduction 20 
 21 
“Touch DNA” refers to genetic material left behind after handling an object or a person. It is now 22 
regularly used as a part of forensic DNA casework. As methods of recovery, processing and detection 23 
improve, so does the ability to generate DNA profiles from smaller residues of deposited DNA [1].  24 
Despite its frequent role as legal evidence, touch DNA itself is poorly understood. In particular, there 25 
has been limited direct investigation into the cellular composition of touch deposits [2, 3]. 26 
 Touch DNA is often described as coming from shed skin cells [4, 5], yet there are several possible 27 
sources to consider.  Firstly, the outermost layers of skin consist of terminally differentiated 28 
keratinocyte cells called corneocytes, which lack nuclei and organelles, though they may retain DNA 29 
[6, 5]. Some studies have shown cell-free, or extracellular, DNA to be a viable alternative source of 30 
touch DNA [7, 8, 9]. Fragmented cells or free nuclei from degraded cells have been proposed as 31 
another source [10, 11, 12]. Finally, it is also possible that the DNA deposited by handling does not 32 
originate in the hands at all but may accumulate after contact with richer sources of nucleated cells 33 
such as nose, eyes or mouth [13, 14].  34 
The localization of DNA to one or more of these sources could have implications for how touch DNA 35 
is collected, analysed, and interpreted in forensic contexts. For example, if nucleated cells secreted 36 
through sweat pores are found to be the primary DNA source, then current extraction methods can 37 
be considered appropriate. Improvements could simply entail optimization for maximum recovery 38 
efficiency. However, if cell fragments or free nuclei are contributing to recoverable touch DNA 39 
deposits, size-based filtration could represent a suitable extraction alternative. If touch deposits 40 
consist of nucleated cells accumulated from elsewhere onto the hands and later deposited, then our 41 
understanding of DNA transfer potential may need to change to acknowledge that all touch DNA is 42 
in essence transferred DNA. If anucleate corneocytes or cell-free DNA are significant sources of 43 
touch DNA, then further research into the DNA present therein may be required. Current STR 44 
amplification methods may not be appropriate for the potentially fragmented DNA in corneocytes or 45 
cell-free fractions, thus  specialized lysis, purification or amplification methods may need to be 46 
developed. A more complete understanding of the composition of touch DNA deposits will improve 47 
the ability to reliably use this type of forensic evidence in casework.   48 
 49 
Existing research has begun to explore the relative contributions of cell-free and cellular components 50 
of touch deposits [8, 15]. Methods in use are mostly centrifugal separation and occasionally use of 51 
filter purification [9, 7]. Other separation techniques, such as laser-capture microdissection, have 52 
also been used in forensic analysis. These are most useful in separating visually distinct cell types or 53 
particulates, such as sperm cells, epithelia, white blood cells, hair follicles and debris [16].  When 54 
separation technology is applied to forensic samples it usually serves to separate individual 55 
contributors’ cells to aid in downstream DNA mixture deconvolution, making DNA profiles clearer to 56 
interpret [17]. This has been reported with immunomagnetic beads [18, 19], microfluidic chips [20], 57 
and dielectrophoretic arrays [21]. However, the resolution of constituents within a single-source 58 
sample is less queried. Some success has been shown in using a microscope to guide collection of 59 
individual “cellular microparticles” collected on tape lifts for DNA analysis, which could be useful 60 
when exploring touch deposit components, although inquiry was not made into relative DNA 61 
contributions by cell type [3]. Successfully separating the components of touch deposits and 62 
identifying the origin of the DNA therein will resolve a fundamental uncertainty about the nature of 63 
these samples which are used in criminal casework every day.  64 
 65 
This present investigation used flow cytometry for the separation of touch deposit components and 66 
the localization of DNA. Although widely used in biomedical fields, limited studies have utilized this 67 
technique in forensic research. Focus has been primarily on sexual assault or blood mixtures, 68 
attempting to resolve constituents by cell type (sperm or epithelia or leukocytes) or by human 69 
leukocyte antigen (HLA) probes [22, 23, 24]. The goal has been to simplify downstream DNA mixture 70 
analysis by separating contributors early by distinct fluid source.  Existing flow cytometric work on 71 
touch samples has also focused on DNA mixture deconvolution by parsing individual autofluorescent 72 
optical signatures using antibody probes [25]. The work presented here used flow cytometry of 73 
known single-source samples to resolve constituents of controlled touch deposits. Nucleic acid-74 
specific dyes were used to localize DNA within different cell-populations. This work begins to define 75 
the cellular contents of a touch deposit and determine where within them DNA originates.  76 
 77 
This investigation contained three analytical phases: first, characterization (based on size and 78 
granularity data from flow cytometry) of a single individual’s hand rinses and body that might be 79 
contributing to touch deposits via transfer from eyes, nose and mouth.  The second phase examined 80 
whether these cellular content patterns varied significantly either within an individual on various 81 
days or between individuals. Finally, a series of fluorescent nucleic acid dyes was used to determine 82 
whether DNA was located in a particular cellular or subcellular population within hand rinses and the 83 
potentially contributing body fluids. This phase was paired with microscopic examination and 84 
intended to address the origin of touch deposits’ cellular DNA.  85 
 86 
2. Materials and Methods 87 
 88 
2.1 Sample Collection 89 
 90 
Donors were volunteers from the King’s College London (KCL) community, and sample collection 91 
approved by KCL Biomedical Sciences, Dentistry, Medicine and Natural & Mathematical Sciences 92 
(BDM) Research Ethics Subcommittee (HR-17/18-5500).  93 
Unwashed hands. Six donors rubbed their unwashed hands lightly together as 6 ml of sterile, filtered 94 
Phosphate Buffered Saline (PBS) was applied to them 2 ml at a time. The rinse was collected in a 95 
sterile weighing boat and transferred to 1.5 ml microcentrifuge tubes.  96 
Washed hands. Following the above collection, participants washed their hands with soap and 97 
thoroughly rinsed them in tap water for 1-2 min and then allowed them to air dry without any 98 
contact. The 6 ml rinse collection was repeated and samples transferred into 1.5 ml microcentrifuge 99 
tubes.  100 
Saliva. The same donors, who had not consumed food or drink for at least 1 hr prior to collection, 101 
were asked to rinse their mouth briefly with water. Donors were asked not to spit but to allow saliva 102 
to accumulate in their mouth for several minutes before deposition. This was done to minimize 103 
collection of scraped buccal cells and focus collection on the shed populations most likely present in 104 
transferable saliva.  Subsequently 3 ml of saliva was then deposited over several minutes by the 105 
donors into sterile weighing boats and diluted with 3 ml of PBS. This reduced the viscosity and 106 
facilitated further processing.  107 
Nasal lavage. A total of 6 ml of PBS was applied in 2 ml increments using sterile disposable pipettes 108 
by volunteers to their own nasal cavity (both nostrils) to create nasal lavage under researcher 109 
supervision. Run-off was collected in sterile weighing boats as it exited the nasal cavity prior to 110 
contact with external skin.  111 
Eye wash. Sterilized eye rinse cups (Boots) were used by volunteers to flush 6 ml of PBS in 2 ml 112 
increments onto their opened right eye and collect the run-off. All run-off PBS, containing the 113 
cellular samples, was then transferred to 1.5 ml microcentrifuge tubes. 114 
Cell culture. Immortalised normal human keratinocytes were cultured in high glucose Dulbecco's 115 
Modified Eagle Medium (Sigma) supplemented with 10% v/v Fetal Bovine Serum (ThermoFisher), 116 
30% v/v Ham’s F12 (Sigma), 1% v/v L-Glutamine (Sigma), 50 U/ml penicillin and 50 mg/ml 117 
streptomycin (Sigma), 1% v/v Rheinwald Media with growth supplement and incubated at 37 °C with 118 
5% humidified CO2. These adherent cell cultures were detached with 0.05% Trypsin-EDTA 119 
(Invitrogen) for 20 min at room temperature and used as a positive control for cell staining. 120 
Each of the 5 body fluid samples was collected once from 6 donors (n = 30). Each sample was divided 121 
into 5 subsamples for processing with different conditions.  For three of the donors, intraindividual 122 
variability was also evaluated by repeating body fluid collection on 4 additional days (5 different days 123 
in total, n = 75).   124 
2.2 Nucleic Acid Staining 125 
 126 
Aliquots (350 µl) of each sample type (unwashed hands, washed hands, saliva, nasal lavage, eye 127 
wash, control keratinocytes) were mixed with each of the following staining conditions: thiazole 128 
orange (TO; 84 nmol/L), propidium iodide (PI; 2.15 µmol/L), DiamondDye (DD; 1X), combined TO/PI 129 
(84 nmol/L TO, 2.15 µmol/L PI), and PBS only as unstained negative control. TO concentration is as 130 
indicated in manufacturer’s guidelines (BD Cell Viability Kit, BD Biosciences) for mammalian cells. PI 131 
concentration is 0.5X of manufacturer’s suggested concentration (BD Biosciences) due to observed 132 
over-saturation in early trials (data not shown). DD sold by manufacturer (Promega) at 10,000X stock 133 
in DMSO and was diluted to 100X in PBS; 1X concentration used based on early trials showing 134 
oversaturation at higher levels (data not shown).  135 
Each condition (sample type and nucleic acid stain combination) was set up in triplicate in separate 136 
wells of a U-bottomed 96-well plate and incubated in the dark at room temperature for 5 minutes. 137 
Subsequently, three aliquots of 3 µl were removed from each sample for microscopic examination 138 
and the remaining sample volume was retained in the 96-well plate wells for flow cytometry. A plate 139 
well containing only 350 µl PBS and a plate well with 350 µl of each staining condition in PBS alone 140 
were also included as negative controls for contamination events and background fluorescence.   141 
TO is a cell permeant cyanine dye which functions as an intercalating fluorophore, while PI is also an 142 
intercalating dye but will not permeate live/intact cells. Both will fluoresce upon nucleic acid binding 143 
and are widely used in microscopy and flow cytometry. Used together, they are considered a cell 144 
viability assay allowing a colour distinction between live and dead cells, or intact and compromised 145 
cells. DD is an external groove DNA-binding dye intended for visualization of nucleic acids in gels. Its 146 
use in quantitative PCR and microscopy for touch DNA has been reported in the forensic literature 147 
[26, 5].  148 
 149 
2.3 Flow Cytometry 150 
 151 
Each sample was run on a CytoFlex flow cytometer (Beckman Coulter) with a 96-well plate loader 152 
fitted with 488 nm and 638 nm lasers; voltages for all tests were set at 50 mW and 80 mW, 153 
respectively. All samples were run with a flow rate of 10 µl/min. Forward Scatter (FSC) and Side 154 
Scatter (SSC) data were collected for 10,000 events. Gating parameters were not implemented as 155 
debris-sized events were potentially of interest and therefore not removed. Data analysis was 156 
conducted with CytExpert 2.0 software provided by Beckman Coulter. All measurements were made 157 
using the 488 nm laser. 158 
 159 
A size ladder (pooled 1 µm, 2 µm, 4 µm, 6 µm, 10 µm, and 15 µm beads) was run with one of each 160 
sample type and with PBS alone in order to accurately size the cellular and subcellular events in each 161 
run and allow for absolute measurements. 162 
Forward Scatter (FSC) v Side Scatter (SSC) plots show size measurement against granularity of each 163 
particulate in the sample. For cellular content characterizations, each plot was divided into four size 164 
categories expected to reflect biological constituents: < 6 µm (subcellular fragments and debris), 6-165 
10 µm (subcellular fragments, including potential free nuclei), 10-15 µm (subcellular fragments and 166 
small cells, e. g. leukocytes), >15 µm (intact cells including epithelial cells and terminal keratinocytes 167 
(corneocytes)). For DNA localization, each sample’s detectable autofluorescence was measured on 168 
an unstained well and then a threshold was set on the stained sample to include all particulates 169 
above this level of fluorescence.  170 
 171 
2.4 Microscopic Examination 172 
 173 
Three 3 µl aliquots of each sample was spotted onto a poly-L-lysine coated slide.  Each condition was 174 
spotted in triplicate and allowed to air dry in a dark environment. These were visualized with Zeiss 175 
fluorescence microscope using FluoroSave (CalBioChem) as mounting medium. The images were 176 
captured at 200x magnification with AxioCam 4.8 software. 177 
 178 
3. Results and Discussion 179 
 180 
3.1 Flow Cytometry 181 
 182 
3.1.1 Cellular Content Characterization by Body Fluid 183 
 184 
It was initially hypothesized that the cellular make-up of each body fluid might be sufficiently distinct 185 
as to create recognizable cell populations on these plots. If that was the case, the intent was to 186 
determine whether these recognizable populations could be detected in unwashed hand samples. 187 
This would demonstrate that unwashed hands could be accumulating and redepositing detectable 188 
amounts of transferred cells from other body fluids.  This would be further supported if the washed 189 
hands did not display the same cellular populations. Since the focus of this inquiry is cellular 190 
contents of touch deposits, the section representing keratinocytes (above 15 µm) is of particular 191 
relevance. 192 
All sample types display a high density of small, low granularity events presumably representative of 193 
debris or very small fragments, followed by a more spread out population of larger, more granular 194 
events reflective of the intact cells (Figure 1). These results comport with previously published 195 
reports of cell-size corneocyte populations in touch deposits (15-50 µm) as a distinct cluster from 196 
small-sized events (generally below 10 µm) [27], which could include debris, cell fragments, free 197 
nuclei or even intact leukocytes present in body fluids which could have transferred [28, 29, 30]. 198 
The FSC v. SSC plots in Figure 1 for saliva and both washed and unwashed hand rinses contain a 199 
relatively large population of cells above 15 µm in diameter spatially distinct from the small-sized 200 
debris. Eye wash and nasal lavage samples had consistently low numbers of large cellular events as 201 
well as being less cell-dense overall (mean time to accumulate 10,000 events was 5:56 min for nasal 202 
lavage and 9:17 min for eye wash with one sample reaching the 10:00 min time maximum before 203 
10,000 event were measured; mean time for saliva, washed hands and unwashed hands were 2:50 204 
min, 0:58 min, and 0:50, respectively).  205 
 206 
 207 
Figure 1. An exemplar FSC v. SSC plot for each sample type from a single individual run on a flow cytometer. The X axis 208 
represents Forward Scatter (size) and the Y axis represents Side Scatter (granularity). Samples shown divided into coloured 209 
size sections (green: events under 6 µm, pink: 6-10 µm, blue 10-15 µm, red: over 15 µm).  210 
The mean proportion of events by size section for three replicates of a single donor on a single day 211 
was calculated and is shown in Figure 2.  The proportions of events were compared between each 212 
sample type with a paired t-test.  The proportion of large cell events (over 15 µm) is not significantly 213 
different between saliva and either hand rinse or between the washed and unwashed rinses (0.11 ≤ 214 
p ≤ 0.88), suggesting a considerable population of epithelia in all three sample types. However, the 215 
large cell proportion is significantly larger in each of these sample types than in either nasal lavage or 216 
eye wash (p ≤ 0.03), which do not differ from each other (p = 0.07). This may indicate that epithelial 217 
cells are more readily shed from mouths and hands than from nasal cavity or eyes, or it may simply 218 
reflect differences in the amount of surface contact or friction used during collection.  219 
Debris is consistently the highest proportion (over 60%) of every sample, which is expected due to 220 
the lack of gating. Often flow cytometric analysis would gate out, or exclude, this particulate debris 221 
as irrelevant to the analysis of cultured cell populations. All particulate sizes were included in this 222 
analysis because hand rinses remain uncharacterised and the DNA content of small cells or cell 223 
fragments was of interest.  224 
 225 
 226 
Figure 2. The mean proportion of events by size section for 3 replicate wells for a single donor. The proportion of large cell 227 
events is not significantly different between saliva or either of the hand rinses, although both nasal lavage and eye wash 228 
have significantly smaller cellular populations. 229 
The smaller number of cell-sized events in nasal lavage and eye wash samples may result from the 230 
lack of friction used to collect these samples compared to hand rinses. However, less friction was 231 
used for saliva collection, so the cell density may suggest that mouth mucosa sheds cells more 232 
readily than that in the nose or eyes. It was thought that using a wash in the mouth (rather than 233 
simply collecting fluid as it accumulated) might introduce more friction into collection and thus 234 
cause additional buccal cell shedding. This is why it was avoided for saliva collection. It was not 235 
practical to collect sufficient volumes of any of the other sample types without a wash. The low cell 236 
density in nasal lavage and eye wash suggests that washing may not introduce excessive friction.   237 
The cell distributions of these five sample types were not considered distinctive enough to allow a 238 
pattern to be detected in a mixed sample.  For example, no cell cluster in nasal fluid or saliva was 239 
distinctive enough by size/granularity alone to make it recognizable if unwashed hands contained 240 
traces of those fluids. Thus, cell distribution alone was not able to shed light on the potential for 241 
unwashed hands’ touch deposits to consist of transferred cellular content as was originally 242 
hypothesized. 243 
To assess the impact of day to day variation on an individual’s shedding of cells within each of the 244 
examined body fluids, three donors were sampled on five separate days and the FSC v. SSC plots 245 
were compared (see Figure 3). The detected cellular and fragmentary events were sectioned into 246 
size intervals and proportion of events in each section was compared across 5 days with a single 247 
factor analysis of variance. When a single sample type, washed hands for example, was examined 248 
across multiple collection days, no significant difference in mean percentage of large cellular events 249 
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Figure 3. A single donor’s washed hands rinse collected on 5 separate days. The mean event percentage in cellular size 252 
ranges was calculated from triplicate analyses and compared across five collection days.  253 
 254 
Consistent results were observed between different collections of the same body fluid.  This 255 
consistency was also observed between replicate runs of each sample. These results suggest very 256 
limited variability within a single individual.  257 
3.1.2 Cellular Content Characterization by Donor  258 
 259 
Relative proportion of cells within a sample type, as shown in event distributions on FSC v SSC plots, 260 
varied somewhat between different individuals. An exemplar replicate of washed hands from each 261 
of 6 donors are shown in Figure 4. The same size ranges are delineated. Percentage of large cell 262 
events above 15 µm ranges from 7.4%-57.2% among individuals. The mean of the maximum 263 
differences between any two donors’ large cell population percentages is 30.9%. This is higher, but 264 
not significantly higher, than the mean of maximum differences within each individual of 18.9 % (p = 265 
0.12). Elevated interdonor variability is consistent with the idea of a continuum of shedders 266 
previously proposed to account for observed differences in DNA deposition between individuals [5, 267 
31, 32]. Some donors may shed more cells than others during the sample collection process, but 268 
there are not two clear categories of high and low cell content. The variability of cell shedding itself 269 
may change between donors, leading to a lack of statistical significance.   270 
 271 
 272 
Figure 4. Exemplar FSC v. SSC plots from washed hands rinse collected from 6 separate donors. The first of three replicates is 273 
shown. The mean event percentage in each size range was calculated from triplicate analyses and compared to each other 274 
donor.  275 
The mean percent of large cells observed in Donor 1’s samples differs significantly from the mean 276 
percent of large cells observed in all other donors (p = 0.008-0.01), except Donor 5 (p = 0.2), who 277 
showed less consistency than the other donors. Donor 6 also differs significantly from Donor 3 (p = 278 
0.03), but not from Donors 2, 4 or 5 (p = 0.08-0.5). None of the other mean percentages of large cell 279 
events were significantly different from each other in a Student’s t-test.  280 
 281 
Figure 5. Mean 282 
percent of events 283 
falling into the large 284 
cell category (over 15 285 
µm) from 3 replicates 286 
of washed hand rinses 287 
from 6 donors. Error 288 
bars include 1 289 





While there is rough consistency between donors, these data tend to support those seen elsewhere 295 
documenting individuals’ propensity to shed touch DNA as a continuum [5]. Some individuals here 296 
deposit more cells than others (e.g. Donor 3 as opposed to Donor 1) (Figure 5), although donors do 297 
not fall into clear categories and some show wider variation (Donor 5). Most data previously 298 
reported on shedding reflect quantified touch DNA levels, while data here are indicative of cell 299 
content. While both DNA levels and cellular proportion of a touch deposit vary between individuals, 300 
cells may or may not be the primary DNA source. This is examined more closely in the third 301 
experimental phase below. 302 
3.1.3 DNA Localization 303 
 304 
After examining the cell distribution patterns above, fluorescent nucleic acid dyes were used in 305 
order to locate the DNA within the sample, i.e. to determine which sized cell or fragmentary events 306 
contained genetic material. This was determined by separating any particulates or cells whose 307 
fluorescent intensity was above the measured autofluorescent intensity of unstained control 308 
samples. These events were considered “DNA (+)” as their fluorescence indicated the presence of 309 
nucleic acids.   310 
Nucleic acid staining was repeated on all the body fluid sample types, with the hand rinses being of 311 
most interest as they are the most informative regarding touch deposit content. Saliva is also of 312 
interest as it is expected to contain the full range of potential DNA-sources (i.e. intact nucleated 313 
cells, anucleate corneocytes, small leukocytes, free nuclei and degraded cell fragments) and thus 314 
serves as an important comparison against the DNA (+) location observed in hand rinses. It was 315 
hypothesized that perhaps a small population of nucleated cells could be isolated from the hand 316 
rinses by fluorescence and that this might be the significant source of cellular DNA. 317 
Thiazole Orange (TO) stained the nuclei of control cell cultures as expected. As Propidium Iodide (PI) 318 
is not permeable in viable/intact cells, it should only stain the nucleic acid of dead or membrane-319 
compromised cells. When both dyes are applied to samples, they should distinguish between live 320 
and dead (or intact and compromised) cells as PI will displace the TO in the latter. This was observed 321 
in the keratinocyte control samples. 322 
 323 
Diamond Dye was examined due to its recent use as a potential in-situ touch DNA detection dye [5]. 324 
It was determined not to be well-suited for flow cytometric analysis as it fluoresces broadly across all 325 




























fluorophore. Additionally, it may lack some specificity, as the majority of events across size ranges 327 
showed some DNA (+) results not observed with either TO or PI (data not shown).  328 
TO stained the keratinocyte (> 15 µm) population in saliva, as well as much of the small cell and 329 
fragment size population (6-15 µm), likely due to the presence of numerous leukocytes. PI staining 330 
indicated that the majority of cells were membrane-compromised and contained DNA; this is 331 
consistent with dead cells shed inside the mouth which have ceased to function and become 332 
detached, but have not broken down to the extent that they have lost their DNA content (Figure 6).  333 
The results from TO-stained saliva samples are substantively the same as those from PI-stained 334 
samples, indicating that all or most of the shed cells are membrane compromised. 335 
 336 
 337 
Figure 6. Saliva stained with PI. FSC v. SSC plot (upper 338 
left) show keratinocyte clusters (> 15 µm) and 339 
leukocyte/debris-sized clusters (< 10 µm). Red indicates 340 
nucleic acid fluorescence detected above native 341 
autofluorescence levels shown in black (lower left). 342 
Close-up (right) of small particulates show DNA (+) 343 
events present in saliva, consistent with leukocytes, 344 








When a similar threshold (shown in red) excluding autofluorescence (shown in black) was applied to 353 
the hand rinse samples, their DNA (+) populations were located almost entirely in the large cell-sized 354 
region. There were very few events in the small cell or fragmentary size-ranges that stained with PI 355 
or TO (Figure 7). This suggests that the prevalence of free nuclei or small DNA-containing cell 356 
fragments in hand rinses is limited. As with saliva, TO and PI staining produced very similar results in 357 
both washed and unwashed hand rinses, suggesting that the cells deposited from our hands are 358 
membrane compromised. 359 
360 
    361 
Figure 7. Left: Washed hands rinse stained with PI. FSC v. SSC plot (upper left) show keratinocyte clusters (> 15 µm) and 362 
leukocyte/debris-sized clusters (< 10 µm). Red indicates nucleic acid fluorescence detected above native autofluorescence 363 
levels shown in black (lower left). Close-up (right) of small particulates shows few DNA (+) events. Right: The same 364 
distribution and fluorescence plots for unwashed hands rinse. The close-up (right) shows a limited population of debris 365 
containing nucleic acid, much less than is observable in saliva (Figure 6), although slightly more than seen in washed hands 366 
(Figure 7, Left).   367 
Interestingly, similar results were observed in both washed and unwashed hands. Although 368 
somewhat more small-sized DNA (+) events appeared visible in unwashed hands than washed hands, 369 
the mean percentage of DNA (+) particulates was not significantly different (p = 0.03) across donors. 370 
This indicates that the biological material accumulated and deposited by hands may not feature 371 
many DNA-rich fragments and may, in fact, either be cell-free or consist of intact cells such as 372 
anucleate corneocytes.  373 
3.2 Microscopic Examination 374 
 375 
Microscopic examination was performed on an aliquot of the stained samples removed just prior to 376 
flow cytometry in order to provide visual data correlating with the distribution plots observed. It was 377 
intended to establish that the events appearing as DNA (+) keratinocytes or leukocytes based on size 378 
and granularity in fact resembled those cell types. It was also intended to explore the nature of the 379 
debris staining positive for nucleic acids. Control cells from adherent cultures show clear DNA 380 
staining of the nuclei with no fluorescence detected in the surrounding cytoplasmic areas as 381 
expected of healthy growing cells. 382 
3.2.1 Cellular Content 383 
 384 
The observations of nucleated epithelial cells in saliva was expected since this sample included shed 385 
buccal cells. The presence of very small debris and fragments staining positive for nucleic acids in 386 
saliva is consistent with the flow cytometry data suggesting the presence of DNA-rich fragments and 387 
leukocytes. Likewise, the washed and unwashed hands show very limited debris fluorescence from 388 
either flow cytometric or microscopic analysis (with TO and PI, DD is an exception as it appears to 389 
fluoresce rather broadly), possibly indicating that these fragmentary fractions yield little contribution 390 
to touch deposit DNA. An interesting possibility exposed by these data is that the anucleate 391 
corneocytes can be seen clearly lacking nuclei but staining positive for nucleic acid nonetheless. 392 
 Very few cells are visible in the nasal lavage and eye wash samples. These samples are notably low 393 
cell density, possibly due to their collection as a PBS wash with minimal friction. It is possible that 394 
nasal mucosa may not rinse off the nasal cavity easily enough to be collected in large amounts by 395 
this sampling. Eye rinse may simply not contain many cells or they may not shed easily. The 396 
occasionally observed fluorescence in nasal lavage and eye wash were typically small cell or 397 
fragment sized.  Very rare corneocytes were observed. 398 
 399 
3.2.2 DNA Localization  400 
 401 
Washed and unwashed hand rinses display plentiful dully fluorescent anucleate corneocytes, which 402 
are also present in saliva and more rarely in eye wash and nasal lavage (Figure 8). Nucleated 403 
epithelial cells are fully visible in saliva only.  Nasal lavage shows occasional corneocytes and some 404 
irregular fluorescence, possibly mucus with diffuse nucleic acids; in two samples, small bright 405 
leukocytes were observed with DiamondDye. Eye wash contains very few cells (consistent with low 406 
event numbers in flow cytometry) and only rare fluorescent particulates. When fluorescence was 407 
seen in eye wash and nasal lavage, it was usually in very small particulates or broad low-intensity 408 
smears rather than recognizable cells. Collection methods were not optimized to normalize cell 409 
density or characterize each fluid, but to assess potential for contributing to touch deposits on 410 
hands.  This potential appears lowest in eye wash, followed by nasal lavage and then saliva due 411 
simply to DNA (+) particulate density.  412 
Cultured control cells show nuclei only, as expected, since they are healthy and lack degraded DNA 413 
diffuse in the cytoplasm which may explain dull fluorescence in shed epithelia and corneocytes. 414 
 415 
Figure 8. Six sample types (top to bottom: washed hand rinse, unwashed hand rinse, saliva, nasal lavage, eye wash, 416 
cultured keratinocytes) stained with three nucleic acid dyes (left to right: propidium iodide, thiazole orange and 417 
DiamondDye). Samples examined at 200x. Scale bar represents 30 µm.   418 
The lack of nuclei in any corneocytes observed microscopically in these populations is consistent 419 
with published data suggesting no correlation of corneocytes with amplifiable DNA quantity [25]. Yet 420 
these anucleate cells do appear positive for DNA with multiple nucleic acid dyes, at a level 421 
consistently above autofluorescence. The cornified envelope of shed corneocytes’ does not appear 422 
to prevent PI staining. Presumably this is because corneocytes are dead and detached and thus their 423 
membranes are permeable. Another possibility is that the nucleic acid staining of corneocytes 424 
reflects the presence of small, membrane-bound DNA fragments, possibly recruited from cell-free 425 
nucleic acids present in sweat [7]. This is consistent with a published report of extracellular DNA 426 
bound to corneocyte membranes [6].  427 
These DNA fragments, whether located diffusely within the corneocyte or bound to it externally, are 428 
likely too short for standard forensic STR amplification. They may not contribute to current touch 429 
DNA casework profiles, which is why the DNA quantities do not correlate with corneocyte cell 430 
counts. However, they should be considered as a possible future tool if recovery can be optimized 431 
and SNP or sequencing methods more appropriate for short fragments are utilized.  432 
4. Conclusions 433 
 434 
Flow cytometry has proved to be a useful tool for the examination of overall trends in cell size and 435 
granularity as well as DNA staining in various body fluids and hand rinses. Saliva and 436 
unwashed/washed hand rinses displayed large populations of cells, consistent with regular 437 
corneocyte shedding. Limited intraindividual variation of cellular content was observed in each 438 
sample type, while greater levels of interindividual variability were seen. This supports the theory 439 
that some individuals tend to generate and slough more cells than others.  440 
The DNA (+) staining results in corneocytes observed in both flow cytometric data and microscopic 441 
examination raise important questions about the nucleic acid content of these anucleate cells. It is 442 
possible that the degradation of the nucleus and other organelles (particularly mitochondria which 443 
contain DNA) during terminal differentiation leaves residual nucleic acid within the corneocyte.  444 
Although such DNA may not be contributing to our current STR typing of “touch deposits,” (if it is too 445 
short or inaccessible for amplification), it could prove important with alternate methods of DNA 446 
profiling or SNP analysis. This possibility should be explored in future research on the recovery and 447 
analysis of corneocyte DNA, as it could be a valuable additional source of touch DNA evidence. The 448 
fluorescence data discussed here suggests that although debris makes up the majority of cellular and 449 
particulate events in a touch deposit, it does not contain high numbers of DNA-positive fragmentary 450 
cells or free nuclei.  Although the subset examined microscopically may not have captured every 451 
DNA (+) cell fragment, these data suggest debris is making limited contributions to the DNA content 452 
of touch deposits. This may allow for size separation or debris removal in touch deposits without 453 
risking elevated DNA loss.    454 
Future investigations should focus on isolation and capture of the separate cellular fragments as well 455 
as DNA analysis thereof to help determine the origin of not only DNA, but of specifically amplifiable 456 
DNA profiles suitable for forensic analysis. Additionally, the DNA content of shed corneocytes should 457 
be explored and its potential recovery and value in forensic DNA typing evaluated.  458 
 
[1] van Oorschot, Roland AH, Bianca Szkuta, Georgina E. Meakin, Bas Kokshoorn, and Mariya Goray. "DNA 
transfer in forensic science: a review." Forensic Science International: Genetics 38 (2019): 140-166. 
[2] Burrill, Julia, Barbara Daniel, and Nunzianda Frascione. "A review of trace “Touch DNA” deposits: Variability 
factors and an exploration of cellular composition." Forensic Science International: Genetics 39 (2019): 8-18. 
[3] Hanson, Erin K., and Jack Ballantyne. "“Getting blood from a stone”: ultrasensitive forensic DNA profiling of 
microscopic bio-particles recovered from “touch DNA” evidence." In Nucleic Acid Detection, pp. 3-17. Humana 
Press, Totowa, NJ, 2013. 
[4] Helmus, Janine, Thomas Bajanowski, and Micaela Poetsch. "DNA transfer—a never ending story. A study on 
scenarios involving a second person as carrier." International journal of legal medicine 130, no. 1 (2016): 121-
125. 
[5] Kanokwongnuwut, Piyamas, Belinda Martin, K. Paul Kirkbride, and Adrian Linacre. "Shedding light on 
shedders." Forensic Science International: Genetics 36 (2018): 20-25. 
[6] Wang, Congzhou, Cristina E. Stanciu, Christopher J. Ehrhardt, and Vamsi K. Yadavalli. "Nanoscale 
characterization of forensically relevant epithelial cells and surface associated extracellular DNA." Forensic 
science international 277 (2017): 252-258. 
[7] Quinones, Ignacio, and Barbara Daniel. "Cell free DNA as a component of forensic evidence recovered from 
touched surfaces." Forensic science international: Genetics 6, no. 1 (2012): 26-30. 
[8] Vandewoestyne, Mado, David Van Hoofstat, Aimée Franssen, Filip Van Nieuwerburgh, and Dieter Deforce. 
"Presence and potential of cell free DNA in different types of forensic samples." Forensic Science International: 
Genetics 7, no. 2 (2013): 316-320. 
[9] Stanciu, Cristina E., M. Katherine Philpott, Ye Jin Kwon, Eduardo E. Bustamante, and Christopher J. 
Ehrhardt. "Optical characterization of epidermal cells and their relationship to DNA recovery from touch 
samples." F1000Research 4 (2015). 
 
 
[10] Oleiwi, A. A., M. R. Morris, W. M. Schmerer, and R. Sutton. "The relative DNA-shedding propensity of the 
palm and finger surfaces." Science & Justice 55, no. 5 (2015): 329-334. 
[11] Alessandrini, Federica, Monia Cecati, Mauro Pesaresi, Chiara Turchi, Flavia Carle, and Adriano Tagliabracci. 
"Fingerprints as evidence for a genetic profile: morphological study on fingerprints and analysis of exogenous 
and individual factors affecting DNA typing." Journal of forensic sciences 48, no. 3 (2003): 586-592. 
[12] Kita, Toshiro, Hiroki Yamaguchi, Mitsuru Yokoyama, Toshiko Tanaka, and Noriyuki Tanaka. "Morphological 
study of fragmented DNA on touched objects." Forensic Science International: Genetics 3, no. 1 (2008): 32-36. 
[13] Warshauer, David H., Pamela Marshall, Shamika Kelley, Jonathan King, and Bruce Budowle. "An evaluation 
of the transfer of saliva-derived DNA." International journal of legal medicine 126, no. 6 (2012): 851-861. 
[14] van den Berge, Margreet, Gosku Ozcanhan, Sanne Zijlstra, Alexander Lindenbergh, and T. Sijen. 
"Prevalence of human cell material: DNA and RNA profiling of public and private objects and after activity 
scenarios." Forensic Science International: Genetics 21 (2016): 81-89. 
[15] Cavanaugh, Sarah E., and Abigail S. Bathrick. "Direct PCR amplification of forensic touch and other 
challenging DNA samples: a review." Forensic science international: Genetics 32 (2018): 40-49. 
[16] Vandewoestyne, Mado, and Dieter Deforce. "Laser capture microdissection in forensic research: a 
review." International journal of legal medicine 124, no. 6 (2010): 513-521. 
[17] Tao, Ruiyang, Shouyu Wang, Jiashuo Zhang, Jingyi Zhang, Zihao Yang, Xiang Sheng, Yiping Hou, Suhua 
Zhang, and Chengtao Li. "Separation/extraction, detection, and interpretation of DNA mixtures in forensic 
science." International journal of legal medicine 132, no. 5 (2018): 1247-1261. 
[18] Zhao, Xing-chun, and Bo-wei Jiang. "Preliminary study on a high specific method for directional capture 
and separation of sperm cells from forensic samples." Forensic Science and Technology 1 (2012): 14-17. 
[19] Anslinger, K., B. Bayer, S. M. Danilov, and R. Metzger. "Application of sperm-specific antibodies for the 
separation of sperm from cell mixtures." Forensic Science International: Genetics Supplement Series 1, no. 1 
(2008): 394-395. 
[20] Bruijns, Brigitte, Arian van Asten, Roald Tiggelaar, and Han Gardeniers. "Microfluidic devices for forensic 
DNA analysis: A review." Biosensors 6, no. 3 (2016): 41. 
[21] Fontana, F., C. Rapone, G. Bregola, R. Aversa, A. de Meo, G. Signorini, M. Sergio et al. "Isolation and 
genetic analysis of pure cells from forensic biological mixtures: the precision of a digital approach." Forensic 
Science International: Genetics 29 (2017): 225-241. 
[22] Kovács, Tamás, Gyöngyi Békési, Akos Fabian, Zsuzsa Rákosy, Gábor Horváth, Laszlo Matyus, Margit Balázs, 
and Attila Jenei. "DNA flow cytometry of human spermatozoa: Consistent stoichiometric staining of sperm 
DNA using a novel decondensation protocol." Cytometry Part A: The Journal of the International Society for 
Analytical Cytology 73, no. 10 (2008): 965-970. 
[23] Verdon, Timothy J., R. John Mitchell, Weisan Chen, Kun Xiao, and Roland AH van Oorschot. "FACS 
separation of non-compromised forensically relevant biological mixtures." Forensic Science International: 
Genetics 14 (2015): 194-200. 
[24] Dean, Lee, Ye Jin Kwon, M. Katherine Philpott, Cristina E. Stanciu, Sarah J. Seashols-Williams, Tracey 
Dawson Cruz, Jamie Sturgill, and Christopher J. Ehrhardt. "Separation of uncompromised whole blood mixtures 
for single source STR profiling using fluorescently-labeled human leukocyte antigen (HLA) probes and 
fluorescence activated cell sorting (FACS)." Forensic Science International: Genetics 17 (2015): 8-16. 
[25] Philpott, M. Katherine, Cristina E. Stanciu, Ye Jin Kwon, Eduardo E. Bustamante, Susan A. Greenspoon, and 
Christopher J. Ehrhardt. "Analysis of cellular autofluorescence in touch samples by flow cytometry: 
implications for front end separation of trace mixture evidence." Analytical and bioanalytical chemistry 409, 
no. 17 (2017): 4167-4179. 
[26] Haines, Alicia M., Shanan S. Tobe, and Adrian Linacre. "Optimization of diamond nucleic acid dye for 
quantitative PCR." BioTechniques 61, no. 4 (2016): 183-189. 
[27] Stanciu, Cristina E., Ye Jin Kwon, and Christopher J. Ehrhardt. "Forward-scatter and side-scatter dataset for 
epithelial cells from touch samples analyzed by flow cytometry." Data in brief 6 (2016): 416-418. 
[28] Jones, Anne P., Louise MC Webb, Arthur O. Anderson, Edward J. Leonardo, and Antal Rot. "Normal human 
sweat contains interleukin‐8." Journal of leukocyte biology 57, no. 3 (1995): 434-437. 
[29] Cianga, Corina Maria, Ion Antohe, Mihaela Zlei, Daniela Constantinescu, and Petru Cianga. "Saliva 
leukocytes rather than saliva epithelial cells represent the main source of DNA." Revista Romana de Medicina 
de Laborator 24, no. 1 (2016): 31-44. 
 
 
[30] Winther, Birgit, Barry Farr, Ronald B. Turner, J. Owen Hendley, Jack M. Gwaltney, and Niels Mygind. 
"Histopathologic examination and enumeration of polymorphonuclear leukocytes in the nasal mucosa during 
experimental rhinovirus colds." Acta Oto-Laryngologica 98, no. sup417 (1984): 19-24. 
[31] Fonneløp, Ane Elida, Merete Ramse, Thore Egeland, and Peter Gill. "The implications of shedder status 
and background DNA on direct and secondary transfer in an attack scenario." Forensic Science International: 
Genetics 29 (2017): 48-60. 
[32] Goray, M., S. Fowler, B. Szkuta, and R. A. H. Van Oorschot. "Shedder status—an analysis of self and non-
self DNA in multiple handprints deposited by the same individuals over time." Forensic Science International: 
Genetics 23 (2016): 190-196. 
